The KOTO experiment recently presented a significant excess of events in their search for the rare SM process KL → π 0 νν, well above both Standard Model signal and background predictions. We show that this excess may be due to weakly-coupled scalars that are produced from Kaon decays and escape KOTO undetected. We study two concrete realizations, the minimal Higgs portal and a hadrophilic scalar model, and demonstrate that they can explain the observed events while satisfying bounds from other flavor and beam-dump experiments. Hadronic beam-dump experiments provide particularly interesting constraints on these types of models, and we discuss in detail the normally underestimated uncertainties associated with them. The simplicity of the models which can explain the excess, and their possible relations with interesting UV constructions, provides strong theoretical motivation for a new physics interpretation of the KOTO data.
INTRODUCTION
Recently, the KOTO experiment presented an excess of events compared to the SM expectation in the signal region for the rare process K L → π 0 νν [1]. Four events were observed, compared to a Standard Model (SM) plus background expectation of only 0.1 ± 0.02 events.
1 One event is believed to originate from SM activity upstream from the detector, but the remaining three are currently unexplained. Given the experiment's branching fraction sensitivity of 6.9×10
−10 for single events, the three events are consistent with 
where the uncertainties are due to statistics. This result is two-orders of magnitude larger than the SM prediction, Br(K L → π 0 νν) SM = (3.4 ± 0.6) × 10 −11 [3] . In this letter, we study a simple new physics interpretation of the KOTO results. We focus on the possibility that the excess is due to new decays, K L → π 0 ϕ, where ϕ is a light new scalar [4, 5] , which is sufficiently longlived and weakly interacting so that it appears as missing energy at KOTO.
We study two concrete realizations. First, we consider the real-scalar singlet extension of the SM [6] [7] [8] [9] , also referred to as the minimal "Higgs portal". This model exemplifies simplicity and minimality: it is the most trivial extension of the SM, and does not require any new flavor structure beyond the SM. In addition, the minimal Higgs portal shares many similarities with models with light dilatons or radions [10] [11] [12] [13] [14] [15] [16] [17] , which arise in well-motivated UV constructions. As a second possibility, we study hadrophilic scalar models with flavor-aligned, generationspecific couplings. These models arise naturally in UV constructions where flavor mixing is due to quark-wave 1 The O(10%) systematics in the event sensitivity are neglected here [2] .
function renormalization, which are referred to a spontaneous flavor-violating (SFV) [18, 19] . Hadrophilic models with couplings to up-type quarks lead to K L → π 0 ϕ at one loop as the minimal Higgs portal, and in addition, they allow us to explore the possibility that the KOTO excess is due to novel flavor textures, which may lead to different kinematics.
The challenge for new physics interpretations of the KOTO results is to explain the large number of observed events, while being consistent with strong bounds from beam-dump experiments, charged Kaon factories and other flavor experiments. While models with new light scalars are strongly constrained [20] , we show that in both our concrete realizations there are open regions of parameter space consistent with the KOTO results. Our selection of models allows us to illustrate gaps in bounds from charged Kaon factories that have been pointed out in the literature [4, 5] , and to find a few small open regions where searches need to be improved. Through a careful analysis of existing bounds, we find that a minimal Higgs portal with scalar mass in the range 110 MeV ≤ m ϕ ≤ 180 MeV may be the origin of the KOTO excess. We also find small regions of parameter space for masses below ≤ 60 MeV, which are consistent with the excess. For a hadrophilic, flavor-aligned scalar models coupling preferentially to up-type quarks, which arise in SFV theories, we can categorize models assuming a dominant coupling to u, c, or t quarks. We find that top-philic scalars lead to similar conclusions as in the minimal Higgs portal. For charm-philic scalars, we find agreement with the KOTO excess for the range 100 MeV ≤ m ϕ ≤ 180 MeV, but also some tension with bounds from beam dump experiments. Finally, for a singlet coupling mostly to the up quark, we find no consistent interpretation of the KOTO results.
Our analysis demonstrates that extremely simple and motivated models of new physics, especially the minimal Higgs portal and phenomenologically similar constructions, may be the origin of the KOTO excess. From a theoretical perspective, this provides strong support for a new physics explanation of the announced results.
We organize this letter as follows. In the first section, we present the minimal Higgs portal and hadrophilic scalar models. In the second and third sections, we study the KOTO excess in the context of each one of these models, respectively. We conclude with UV motivations for our models and comment on experimental signatures that could test our scenario. In a first appendix we include a discussion of hadronic beam dump experiments and their uncertainties, which are relevant to general BSM models that can be probed by these experiments. In a second appendix we obtain the rate of η decays into a pion and a scalar, required to compute scalar production rates at beam dumps, and compare the results with previous calculations available in the literature.
SCALARS WITH FLAVORED COUPLINGS

Minimal Higgs Portal
We extend the SM with a light real scalar singlet S. At the renormalizable level, the Lagrangian for our singlet and the Higgs is
where the potential can be found in [9] . In this theory, the singlet and the CP-even neutral scalar in H mix in the mass matrix. The corresponding two mass eigenstates are the 125 GeV Higgs boson h, and a new scalar boson ϕ with mass m ϕ . The couplings of the new scalar to SM fields are equal to the Higgs couplings, up to a universal mixing angle θ. In particular, the couplings to fermions in the mass eigenbasis are flavor-diagonal and given by
where m f are the SM fermion masses.
Hadrophilic Scalar Coupling to Up-type Quarks
The minimal Higgs portal theory constrains the scalarfermion couplings to follow the SM hierarchies, limiting the scalar's flavor phenomenology. To discuss the flavor structure of our scalar model in more generality, we now allow for flavor-specific couplings with the SM quarks. These couplings can be obtained by going beyond the renormalizable level interactions of Eq. (2), and adding dimension-five scalar-fermion operators. Here we limit ourselves to include non-renormalizable interactions between our scalar and up-type quarks only [21, 22] ,
where ϕ is our new scalar particle.
where M points to the scale of the UV completion leading to the dimension-five operator, and c u ij is a new Yukawa matrix, which leads to novel flavored interactions. The operator (4) can be easily obtained in UV completions with an extra Higgs doublet [19] or vector-like quarks [21] . To avoid tree-level FCNC's mediated by the new scalar, we impose that c u ij is simultaneously diagonalizable with the up-type quark SM Yukawa, i.e., that it is flavor-aligned. While in the low energy effective theory Eq. (4) there is no evident symmetry to guarantee flavor-alignment, in [18, 19] it was shown that this can be imposed by a UV flavor construction called down-type Spontaneous Flavor Violation.
In the limit of vanishing scalar mixing θ → 0, the new scalar is hadrophilic (and leptophobic), and couples to up-type quarks only due to the non-renormalizable interaction Eq. (4). In the quark mass eigenbasis, these couplings are flavor-diagonal and related to the couplings of the dimension-five operator Eqns. (4) via
where κ u,c,t are three independent Yukawa couplings controlling the interactions of the singlet to up-type quarks, which do not necessarily follow the SM hierarchies. In particular we can study theories which have a coupling to only one individual up-type quark at a time, letting us explore the contributions to the KOTO excess systematically.
MINIMAL HIGGS PORTAL EXPLANATION OF THE KOTO EXCESS
Light scalars with couplings to quarks are produced at KOTO via penguin diagrams with internal up, charm or top quarks, as in Fig. 1 . The corresponding decay width is given by [23] [24] [25] 
where the scalar couplings λ f ϕ are given in Eq. (3) and λ is the triangle function. If the new scalar escapes the KOTO detector before decaying into SM fields, the event falls into the signal region for K L → π 0 νν, and may be the explanation for the observed excess. The contribution of the scalars to the effective branching fraction measured at KOTO is GeV [26] , the exponential suppression accounts for the scalars that decay before escaping the KOTO detector, and is a correction factor that accounts for the kinematical difference between the 3-body SM decay process, and the 2-body decay into our scalar ϕ. This factor is taken from [2], and varies from = 0.75 for a massless scalar to = 1 for m ϕ = 200 MeV. In the exponential factor, the KOTO detector size is L = 3 m and p ϕ is the scalar's momentum. The typical momentum was obtained from a KOTO simulation in [5] , and corresponds to an energy for the scalar particle of E ϕ = 1.5 GeV. The scalar's lifetime cτ ϕ is completely specified by the mixing angle θ and its mass m ϕ . For our Higgs portal discussion we limit ourselves to masses in the range 2m e < m ϕ ≤ 200 MeV. The upper end is motivated by the large transverse momentum of the pions in the observed events at KOTO, which translates into an upper bound on the scalar mass [5] . The lower end of this range is chosen for simplicity: for this range of masses the scalar's lifetime is controlled mostly by the decay to electrons [27] .
In Fig. 2 we show in blue the contour of scalar mass m ϕ and mixing angle sin θ for which the effective branching fraction Eq. (7) is consistent with the central value of the KOTO measurement, Eq. (1). In shades of blue we also show the regions of parameter space consistent with the measurement at 1σ and 2σ.
2 In dashed-gray lines we show contours of cτ ϕ . The number of events measured at KOTO are consistent with a minimal Higgs portal model with mixing angles in the range 2 · 10 −4 ≤ θ ≤ 10 −3 , across the mass range studied in this work.
There are a variety of constraints on the region of parameter space where the Higgs portal explanation is naively successful. The most obvious constraint comes from analogous decays Br(K + → π + + inv.), which are normally related to the process of interest at KOTO via the Grossman-Nir bound [28] . The NA62 and E949 experiments set constraints on these charged Kaon decays, which in the Higgs portal model arises from the diagram in Fig. 1 , with a width which can be obtained from The region to the left of the vertical-dashed blue line corresponds to singlet masses that are consistent with the kinematics of the observed KOTO events. Red: limits from NA62 on Br(K + → π + νν), and Br(K + → π + π 0 ) with π 0 decaying invisibly. Pink: limits from E949 on Br(K + → π + X) with X a long-lived particle. Shaded gray and dashed black: limits on displaced decays of the scalar to electrons from the CHARM experiment. In shaded-gray we show limits with conservative assumptions regarding production rates and acceptances, while the region below the dashed-black line shows limits with aggressive assumptions. Yellow: limits from Belle on Br(B → Kνν). Dashed-gray: contours of constant scalar decay length, cτϕ.
Eq. (6) with the replacement Re g ϕKπ → |g ϕKπ | [23, 24] . NA62 sets a 95% CL bound on the branching fraction [29] Br(K
In order to apply the NA62 limit we must take into account the effective branching fraction as done for KOTO in Eq. (7). The effective Br eff (K + → π ± νν) measured at NA62 is given by Eq. (7), replacing neutral by charged mesons in the equation and accounting for the the experiment parameters. For the NA62 detector size we use L = 150 m, while the scalar's energy is taken to be approximately half of the charged kaon energy at this experiment, E ϕ = 37 GeV. We neglect differences in efficiencies due to the different kinematics in the 3-body decay to neutrinos and the 2-body decay to our scalar, so for the NA62 effective branching fraction we set = 1.
The resulting limit is presented in Fig. 2 in red. For scalar masses around the pion mass there is a large gap in the bounds due to the large pion backgrounds, which are mitigated by kinematic cuts in the search, as anticipated for general BSM scenarios in ref. [4] .
Part of this gap is covered by a different NA62 analysis, which sets a limit on the invisible decays of the neutral pions from K + → π + π 0 decays [29] . If our scalar has a mass very close to the pion mass, the process K + → π + ϕ mimics the invisible pion decay signature and is subject to this bound, modulo the K → π + π 0 branching ratio of 20.6%. We present the corresponding bound with a red column for scalar masses centered around the pion mass, with the width of the column set by the experimental pion energy resolution.
E949, on the other hand, reports 95% CL bounds on the branching fraction of a charged Kaon into an invisible new particle K + → π + ϕ, as a function of the particle's mass and lifetime [30] , so we can directly translate these bounds into the Higgs portal parameter space. The bounds are shown in Fig. 2 in pink. The bounds from NA62 and E949 rule out mixing angles θ 3 · 10
for m ϕ ≤ 200 MeV except in a gap of scalar masses around the pion mass, due to the aforementioned pion backgrounds.
Given the long-lifetime of the minimal Higgs portal, there are also potentially strong bounds from proton beam-dump experiments, the most relevant of which is the CHARM experiment looking for displaced lepton decays from fixed target production at the CERN SPS [31] . At CHARM, our scalars are obtained from B, K and η meson decays, which are produced by the proton beam interactions on the fixed target. The event yield at the detector can be obtained using
where N ϕ is the number of scalars falling within the CHARM angular (geometric) acceptance and ε det = 0.51 is the efficiency to detect the electron-positron pair. The exponential factors in (9) determine the number of scalars that reach and decay within the detector volume. L dump = 480 m is the CHARM beam dump baseline, while L fid = 35 m is the detector fiducial length. The scalar momentum is obtained assuming an average scalar energy of E ϕ = 12.5 GeV. This energy is obtained by assuming that the scalar takes half the energy of the parent meson, and that the parent meson's energy is similar to the typical 25 GeV pion energy reported in [31] . The number of scalars falling within the detector's solid angle N ϕ has uncertainties inherited from the uncertainties of the parent meson rates, momentum and angular distributions. We have found that these uncertainties are often underappreciated and in an appendix we provide details about the underlying assumptions for hadron beam dumps applicable to all BSM models which share production mechanisms from meson decays. In order to provide a realistic interpretation of the CHARM limits, we present two bounds, one with conservative and one with aggressive assumptions. The resulting CHARM bounds are presented in shaded gray in Fig. 2 for our conservative assumptions, and as a black-dashed contour for our aggressive assumptions. The conservative bounds rule out θ 2 · 10 −3 across our range of masses. Note that CHARM bounds cover a large fraction of the pion mass gap window left by NA62 and E949.
We now comment on sub-leading bounds on the Higgs portal model relevant for our range of masses. First, Belle sets bounds on the B → Kνν decay [32] ,
In the minimal Higgs portal, this decay arises at one loop via up-type quark mediated penguin diagrams, with the scalar escaping the Belle undetected. To minimize the hadronic uncertainties, we compute this branching ratio by considering the ratio [33, 34] 
where the scalar couplings λ f ϕ are given in Eq. (3), and f c/b = 0.51. We then normalize this result to the experimentally measured ratio Br(B → X c eν) = 0.104 for both B 0 and B ± [26] . We compare our branching fraction calculation with the limit in Eq. (10) , and present the bound in Fig. 2 in yellow. Second, the KTeV collaboration sets a limit on the branching fraction of Kaons to a pion and electronpositron pairs [35] ,
which in our model is generated from Br(K L → π 0 ϕ) followed by scalar decays. While the minimal Higgs portal scalar does decay mostly into electrons, in the range of mixing angles allowed by the CHARM and charged kaon factory bounds, it is rather long-lived. As a consequence, most scalars produced from Kaon decays escape the KTeV fiducial volume unobserved. To confirm this expectation, we perform an aggressive estimate of the number of two-electron events effectively observed at KTeV, by assuming that Kaons decay at rest 3 at the 3 The actual KTeV analysis requires the Kaons to have a significant boost, which only weakens this bound.
beginning of the L KTeV = 60 m detector length into our scalars. We then apply an exponential decay factor to obtain the number of scalars that decay into electrons within the detector. For mixing angle values θ = 10 −3 , which are already excluded by CHARM and NA62/E949, we find that the branching fraction Br(K L → π 0 e + e − ) effectively observed at KTeV due to scalar decays is an order of magnitude below the reported bound Eq. (12) . We conclude that this bound is sub-leading.
Finally, for low scalar masses around an MeV, bounds from BBN apply. However, these bounds depend on the value of the scalar-Higgs quartic coupling, and on assumptions regarding the reheating temperature [36] , so they are not presented here.
By comparing the regions of Higgs portal parameter space favored by the KOTO measurement and the leading beam dump and flavor bounds presented in Fig.2 , we conclude that the Higgs portal may explain the central value of the KOTO anomaly in a region of parameter space around m ϕ 120 MeV, θ 5 · 10 −4 . More broadly, including the 2σ bands of the KOTO measurement, we find that the Higgs portal leads to a realistic explanation of the KOTO results even above or below the pion mass gap.
HADROPHILIC SCALARS AND THE KOTO EXCESS
To analyze scalar-singlet extensions of the Standard Model within a more general flavor framework, we consider the hadrophilic model presented earlier, with nonrenormalizable interactions, Eq. (4). This allows us to study novel hierarchies in the couplings of the scalar singlet to the different SM quark generations. To simplify the phenomenology, we set the Higgs-scalar mixing angle to zero, θ = 0, so that the Yukawa couplings of our singlet to quarks are exclusively given by Eq. (5). In this case, our scalar does not couple to down-type quarks nor leptons, so for the range of masses that we now explore it may only decay to two photons via one-loop up-type quark mediated diagrams. The corresponding decay rate is given by
q=u,c,t
where α is the fine-structure constant, λ q ϕ are the up-type quark Yukawa couplings of our hadrophilic scalar defined in Eq. (5), and F 1/2 is the usual fermionic loop function familiar from Higgs decays [24] .
We first explore a hadrophilic scalar coupling exclusively to the charm quark, as this has a very distinctive phenomenology compared to the minimal Higgs portal. For the charm-phillic scalar we set λ KOTO from the penguin diagram Fig. 1 with an internal charm quark. We calculate the number of events from this process effectively tagged as K L → π 0 νν in KOTO as in the previous section, and in Fig. 3 in blue, we show the regions of parameter space consistent with the KOTO measurement. We present the results as a function of the scalar-charm Yukawa λ c ϕ and its mass. In the figure we also show contours of cτ ϕ obtained from Eq. (13) in dashed-gray. We identify two ranges of values for the scalar-charm Yukawa that can accommodate the KOTO anomaly. First, we find a band of sizable Yukawas, λ c ϕ ≥ 10 −3 , where the scalar production rate from K L decays is large, but the number of events reconstructed as K L → π 0 νν at KOTO is exponentially suppressed since the scalar decays into photons before reaching the detector. Second, we find a band where Yukawas are small, 3 · 10 −5 ≤ λ c ϕ ≤ 10 −4 . For this range of Yukawas the scalar production rate is small, but the scalar lifetime is large, so most scalars escape the KOTO fiducial volume unobserved and are thus tagged as K L → π 0 νν. Note that for the values of scalar-charm Yukawa couplings that can explain the KOTO excess, the scalar's lifetime is comparatively much shorter than the lifetime of the minimal Higgs portal scalar studied in the previous section. This leads to significant differences in the bounds that apply to the charm-philic and the minimal Higgs portal scalars, as we will now see.
In Fig. 3 we present the leading bounds on the charmphilic model. Bounds from NA62 and E949 from the limits on Br(K + → π + + inv.) are calculated as in the previous section and presented in red and pink. We observe that for large λ c ϕ these bounds disappear, since the scalar decays into photons before reaching the corresponding detectors. This is a specific model-realization of the finite lifetime effects discussed in [5] , that we refer to as a "lifetime gap".
Additional bounds on the charm-philic scenario are set by the Crystal Ball detector, which sets a limit [37] Br(J/ψ → ϕγ) < 1.4 × 10
where ϕ escapes the detector invisibly. We compute the branching fraction Br(J/ψ → γϕ) using the standard relation [38] :
where C J/ψ is a factor that encodes both QCD and relativistic corrections [39] and λ c ϕ is the scalar-charm Yukawa. We consevatively take C J/ψ = 0.1, a value that is in agreement with the first order corrections in ref. [39] . We apply the bound (14) by using (15), Γ SM J/ψ = 92.9 keV [26] , and applying and exponential suppression factor to account for the scalars decaying to photons before escaping the 25 cm radius Crystal Ball. The resulting limit is shown in Fig. 3 in green. Given the lifetime of charm-philic scalar, hadronic beam-dump experiments can also set stringent bounds. However, the CHARM experiment, which was the most relevant bound for the minimal Higgs portal, is impuissant in this scenario due to the scalar's short lifetime compared to the experiment's long baseline. The strongest beam-dump bounds instead come from NuCal [40] [41] [42] , which has a shorter baseline than CHARM and lower beam energy. The bounds are obtained as for CHARM in the previous section, using Eq. (9) with with N POT = 4×10
17 , beam-dump baseline L dump = 64 m and fiducial length L fid = 23 m. Again, to account for the uncertainties in the scalar production rate we present both a conservative and an aggressive bound, with different assumptions on scalar production at NuCal, which we discuss in the appendix. In Fig. 3 , we present the conservative bound in shaded gray and the aggressive bound with a dashed-black contour.
Finally, we comment on sub-leading bounds on the charm-philic scenario. MAMI sets a constraint on Br(η → ϕπ 0 ) < 3 × 10 −4 [43, 44] . We calculate the corresponding bound in our model by using the chiral lagrangian approximation to obtain the scalar-η coupling as detailed in the appendix, and find that it is weaker than the bounds discussed above. The same conclusion applies to constraints on B → Kνν from Belle [32] . Finally, KTeV has measured Br(K L → π 0 γγ) = (1.29 ± 0.06) × 10 −6 [45] . In our model, the same final state is obtained from K → π 0 ϕ with ϕ → γγ. While this bound wasn't relevant for the minimal Higgs portal, for the shorter lifetimes in this scenario it can potentially apply. Unfortunately, it is not possible to directly apply the KTeV measurement of Br(K → π 0 γγ) as a direct bound on Br(K → π 0 ϕ) in our model, as the measurement assumes that the two photons and the pion originate at the same vertex, while our scalar decays displaced due to the large boost inherited from the parent K L meson. In the absence of a detector simulation, we obtain a conservative bound by considering only the scalar decays that appear prompt given KTeV's vertex resolution, which we take to be 25 cm, based on the bin-widths for decay locations given in [45] . We further assume that the scalars have an average energy of 50 GeV. The resulting bound is shown in yellow in Fig. 3 .
From Fig. 3 , we see that the KOTO result may be explained by a charm-philic scalar with masses in the range 100 MeV ≤ m ϕ ≤ 180 MeV and Yukawas in the range 3 · 10 −3 ≤ λ c ϕ ≤ 10 −2 . For these range of parameters, the observation of K L → πνν events at KOTO is consistent with strong bounds from charged kaon factories due to the aforementioned "lifetime gap". However, we find that in the charm-philic scenario, the lifetime gaps consistent with the KOTO excess may be completely covered by NuCal bounds. In fact, while the conservative estimate of the NuCal bounds in shaded gray is consistent with KOTO, the aggressive estimate in dashed-black completely rules out the explanation. In order to determine which bound is the most realistic, a dedicated study of tails of meson momentum distributions at fixed target experiments is needed, as described in the appendix, which is beyond the scope of this work.
We conclude by commenting on up-philic and topphilic scalars. In the up-philic case, λ c ϕ = λ t ϕ = 0, the penguin diagram Fig. 1 leading to K L → πνν is mediated by internal up-quark loops and is strongly suppressed by one up-quark mass insertion. While it is possible to explain the number of events observed at KOTO in this scenario, doing so requires a large up-quark scalar Yukawa, which is excluded by various experiments [22] . In the top-philic case, λ u ϕ = λ c ϕ = 0, the situation is similar to the minimal Higgs portal setup presented in Fig. 2, with sin θ replaced by λ t ϕ . In this situation, the KOTO events are again consistent with bounds from charged kaon factories mostly in a region of masses around the pion mass. Neither the up-philic nor top-philic scenarios lead to any additional regions of parameter space consistent with the KOTO excess due to the "lifetime gap" suggested in [5] . Thus, the only "lifetime gap" present for a hadrophilic scalar model is in the charm-philic scenario, which is in tension with current bounds from NuCal. Allowing for different combinations of λ u ϕ , λ c ϕ and λ t ϕ simultaneously nonzero does not modify this conclusion.
CONCLUSIONS
In this work we investigated a possible new physics explanation of the observed KOTO excess in the process K L → πνν. In our setup, the neutrinos are replaced by a singlet scalar that escapes the detector invisibly, and we find that simple models with light new scalars may account for the excess. Interestingly, the simplest possible extension of the Standard Model, the minimal Higgs portal, can explain the anomaly. Models with hadrophilic scalars were also studied, and we found that a top or charm-philic scalar could also be the origin of the excess.
If the observed events are due to new physics, a similar number of events should be observed in future KOTO datasets. If the scalar lies outside the 100 m ϕ 160 MeV vetoed window, it should also be visible in future K + → π + + inv. searches at NA62 as well. Our results demonstrate that extending the searches from π → inv. to cover the entire vetoed region would be extremely useful for constraining light new physics solutions of the excess. We found that hadronic beamdump experiments may also be efficient at testing these solutions, but suffer from uncertainties in the production rates and acceptances, discussed in detail in the appendices. For this reason, it is especially interesting to consider lifetime frontier experiments where the production mechanism is under better theoretical control. For example, the MATHUSLA experiment only relies upon the knowledge of the hard QCD production process [46] , and amusingly is also the most sensitive to the minimal Higgs portal in the parameter space which explains the KOTO excess [20] . In addition, we found that Higgs portal and top-philic model explanations of the anomaly share similarities and are challenging to distinguish at KOTO, but they could be distinguished by future long-baseline experiments by probing differences in the corresponding di-electron or di-photon final states.
Models with light new scalars can be accommodated in well-motivated UV constructions. Naively, a real scalar in the sub-GeV range appears tremendously tuned. However, if for instance a large extra dimensional scenario is invoked to solve the Higgs hierarchy problem [47] , it automatically mitigates the hierarchy problem of the new scalar. In addition, a new scalar with similar couplings to ones described for the minimal Higgs portal could correspond to the Goldstone of broken scale symmetry [12, 17] , or perhaps be the radion responsible for stabilizing extra dimensions [14, 48] . Naively, a sub-GeV scale dilaton portal is hard to achieve without tuning [14] , but is certainly worth exploring further if the KOTO excess persists. Within supersymmetry, complex singlet fields are accommodated in the NMSSM. Supersymmetry breaking mass-splitting may be then introduced to keep only the real scalar at the sub-GeV scale while decoupling the pseudoscalar singlet component, or if the pseudoscalar and singlino components are also close to the MeV scale, the corresponding phenomenology could also be of interest. Hadrophilic light scalars consistent with strong bounds from FCNCs, on the other hand, may arise in flavor-aligned UV completions with an extra Higgs doublet or new vector-like quarks, where flavor alignment is ensured by an SFV flavor construction, which also solves the strong-CP problem [18] .
The experimental result obtained by KOTO may ultimately be due to statistics or unaccounted backgrounds. Nevertheless, we have demonstrated that from a purely theoretical perspective the observation is incredibly simple to explain, and is motivated by interesting UV constructions.
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APPENDIX Production of light scalars at hadronic beam dump experiments
In this appendix we review the production of light bosons in hadronic beam dump experiments arising from meson decays. While there are other possible production mechanisms such as Bremsstrahlung and hard production, these only exacerbate the difficulties we present below and increase any putative bounds. For the range of masses of interest for our scalars, meson decays are the most robust bound for beam dumps as exemplified by the numerous studies in this channel. Nevertheless even for this "robust" bound, there are a number of uncertainties that we wish to emphasize as they can change the bounds significantly. We will focus on the production of a light scalar, but most of the discussion below applies for any light new particle that can be produced in meson decays, such as dark photons or axion-like particles, and it would be useful to extend this discussion further in the context of specific models. In the following we focus on the parameters for the CHARM and NuCal proton beam-dump experiments which are most relevant for the models considered, but the generic lessons apply to other existing and proposed hadronic beam dump experiments.
The number of light scalars that are produced from meson decays at a given hadronic beam dump experiment is given by [49, 50] 
where N POT is the number of protons on target, n K,η,B are the average number of mesons produced per POT, γ K is the average Kaon boost, and ε K,η,B geom are probabilities (acceptances) for the scalar to fall within the detector solid angle, given that it originated from a K, η or B meson decay. D K encodes the suppression in the scalar production rate due to Kaons being reabsorbed in the target before decaying, and K is the Kaon absorption length, which depends on the target material 4 . For CHARM we take K = 15.3 cm [26] , while for NuCal we use K = 27.4 cm [49] . The branching ratios for K and B decays can be computed as described in the text, while Br(η → πϕ) is calculated using chiral perturbation theory, matching the scalar-gluon and scalar-quark couplings to the low energy chiral Lagrangian, as detailed in the following appendix. Note that we neglect sub-leading CP violating production from the decay of K S .
While the branching ratios can be computed, the meson multiplicities and momentum distributions (required to compute the geometric acceptance) for the different mesons must be taken from data, and can change substantially at different energies. This is the analogous problem for neutrino beam experiments, where if the underlying meson distributions were better known, the neutrino beams could be better characterized. Unfortunately, the SM inputs suffer from large uncertainties, often in the realm most relevant for setting limits on longlived BSM particles.
Charged pion and Kaon multiplicities have been measured at the SPS in refs. [51] , but a large range of values have been cited in the literature. For the π + multiplicity, for example, values in the range 1.86 − 3.6 have been used [41, 49, 52] at the 70 GeV energies relevant for NuCal. The π 0 and η multiplicities have also been measured in ref. [51] , but the neutral Kaon multiplicities (and the π 0 multiplicity at other energies) are usually assumed to be the average of the positive and negatively charged values. For the purposes of this work, we have taken the multiplicities at CHARM to be n K = 0.33, 0.22 and 0.28 for the K + , K − and K L respectively, and n η = 0.31 based on ref. [51] . For NuCal, the Kaon multiplicities are taken directly from ref. [49] to be n K ± = 0.5, n K L = 0.3. The η multiplicity is obtained by noting that the η to π multiplicity ratio is roughly independent of the center of mass energy [53, 54] , and is given by n η /n π = 0.078 [51] , with n π = 2.35 at NuCal energies [52] . This gives a multiplicity n η = 0.18 at NuCal.
For the bounds set in this paper, we do not include production from B meson decays, due to the large uncertainties in the inclusive bb production cross section measurements [55] , from which the B meson multiplicities are obtained. We have checked that taking a multiplicity of n B = 10 −7 , consistent with the assumptions in ref. [56] , with a geometric acceptance similar to the acceptance used for Kaons only modifies our bounds at the percent level.
To compute the geometric acceptance at the detector, as well as the survival probability as a function of the scalar lifetime, the momentum distribution of the scalars must also be estimated. Due to the large boost of the mesons at CHARM and NuCal, the scalar is produced approximately along the direction of the parent meson, and we take the scalar energy to be half the parent meson energy to obtain the boost. The geometric acceptances, particularly for the off-axis CHARM detector, can be quite sensitive to the transverse momentum distribution. Furthermore, for scalars with shorter lifetimes in the cm − m range (such as the charm-philic scalar with couplings λ c ϕ ∼ 10 −2 − 10 −3 ), the survival probabilities at a distant detector are particularly sensitive to the momentum distributions. This is because these lifetimes are short compared to the baselines at NuCal (L = 64 m) and CHARM (L = 480 m), so only highly boosted scalars The red data points and dot-dashed curve show the measured η distribution from the LEBC-EHS collaboration at the CERN SPS [51] along with their best fit. The black stepped histogram shows the distribution obtained using our simulations based on the BdNMC code [57] using the BMPT distributions [58] . The dashed blue curve shows the average of the fit to K + and K − data from the LEBC-EHS results, which were fit over the full range of p coming from energetic parent mesons make it to the detector, and the bounds are exponentially sensitive to the tail of the meson momentum distributions. All of these distributions must be taken from data, and suffer from large uncertainties particularly for the neutral mesons and at high longitudinal momentum.
At CHARM energies, the double-differential pion and Kaon momentum distributions have been measured and parameterized in ref. [58] , and these distributions can be implemented in the BdNMC code [57] . We use this code to estimate the geometric acceptance for Kaon initiated production, and find ε K geom = 3·10 −2 . The Kaon momentum distribution at CHARM is seen to be quite similar to the pion distributions [51] , so we checked that our acceptance is consistent with the pion acceptance reported in ref. [31] , assuming the π 0 multiplicity measured at the SPS. This acceptance is an order of magnitude larger than the one obtained in ref. [50] , which we believe to be a result of differences between Pythia and data in the forward direction (see also ref. [59] ). For the η momentum distribution, to the best of our knowledge, only single differential distributions have been reported [51] , while double-differential distributions are required to reliably calculate the geometric acceptance. As shown in Fig. 4 , the η distributions tend to have a larger number of events at high transverse momentum as compared to Kaons [51] , so we expect a smaller geometric acceptance for scalars coming from η decays at CHARM, relative to scalars produced from Kaons. The results of ref. [51] also demonstrate that the shape of the longitudinal momentum distributions can be quite different for Kaons and η's, which has important implications for the survival probabilities we discuss below. Given the lack of data, an aggressive approach is to assume the same acceptance for scalars produced from η's and Kaons, ε
−2 . For NuCal, on the other hand, we take a geometric acceptance of 19%, based on the pion acceptance in ref. [41] .
To compute the survival probabilities, a conservative approach is to assume that the mesons have a "typical energy" that agrees with the experimentally reported bounds, and compute the number of scalar decays within the detector's fiducial volume using Eq. 9, using a detector size of 23 m for NuCal and 35 m for CHARM. This is a conservative scenario, because it disregards that a significant fraction of the mesons will have much higher momentum, and thus a much larger survival probability at the distant detector. However, we have verified that using a typical energy of 18 GeV for the mesons produced at the beam reproduces the experimental bounds on a light, SM-like Higgs presented in ref. [49] using NuCal data.
A more aggressive approach is to estimate the number of scalars decaying at the detector by integrating over the full momentum distribution. This distribution was estimated for NuCal in ref. [41] , extrapolating the measured pion distributions in [52] , and we assume the Kaon momentum distribution to be similar. This extrapolation was compared to a simulated distribution using BdNMC with the BMPT distribution, and while good agreement was found for p L (π) 35 GeV, the extrapolation estimated a larger number of pions for larger momenta. Due to the longer baseline as compared with NuCal, CHARM only sets limits for scalars with a much longer lifetime, for which the survival probability becomes much less sen-sitive to the exact shape of the distribution.
In light of all the uncertainties discussed above, for each of the two models discussed in this work we consider both an "aggressive" and a "conservative" limit. For the Higgs portal, the leading constraints come from CHARM, due to the longer lifetime. For the conservative limit, we neglect the production from η decays entirely, due to the uncertainties both in the distribution and on the branching ratio Br(η → πϕ) discussed in the following appendix, and consider scalar production only from Kaon decays. We use N POT = 2.4 × 10 18 and the geometric acceptance and multiplicities above to compute the expected number of scalars as a function of mass and mixing angle using Eqs. 9 and 16, using a typical energy of 25 GeV for the Kaons, based on the pion distribution in ref. [31] 5 . In the aggressive case, we also include the production from η decays, with the assumptions described above and the branching ratio computed in the following appendix. The conservative and aggressive bounds are respectively shown as the gray shaded region (bounded by the solid black curve) and dashed black curve in Fig. 2 .
For the charm-philic scenario, the leading constraints come from NuCal, with N POT = 1.7×10
18 . In the conservative scenario, we again consider only Kaon decays, and assume all parent mesons to have the typical energy of 18 GeV as described above. In the aggressive approach, we take the pion momentum distribution in ref. [41] for all the parent mesons, and include both Kaon and η decays, integrating over the meson energy to compute the survival probability in Eq. 9. The corresponding conservative and aggressive bounds are given in Fig. 3 by the shaded black region, and dashed-black contour respectively. We see that the constraints in the conservative and aggressive scenario are quite different, and have important implications for interpretations of current results and projected constraints from future experiments.
Scalar production via η meson decays
In this appendix we obtain the branching fraction of an η meson to a pion and the scalar particle ϕ, for the Higgs portal and hadrophilic scalar models discussed in the body of this work. Couplings of the scalar ϕ to the η meson arise at tree level from its couplings to firstgeneration quarks Eqns. (3) or (5), and at loop level from its coupling to gluons. In the effective theory below a fermion mass threshold and up to naive dimension five, the couplings to gluons are given by [24] 
where λ q ϕ are the scalar-quark couplings of (3) for the minimal Higgs portal model, or (5) for the hadrophilic scalar model, and we sum over quarks q with masses above the effective theory cutoff. To obtain the couplings to the η meson we match the effective theory containing the Yukawa coupling operators Eqns. (2), (4) and the gluon operator Eq. (17) , to the low energy chiral lagrangian. Details on the procedure can be found in [22, 24] . From the chiral Lagrangian, we find an interaction between our scalar, a pion and an η meson given by L ⊃ g ϕηπ ϕηπ , 
and B 0 = m π 2 /(m u + m d ) 2.6 GeV, c ϕπη 0.82. In Eq. (18), the first two terms on the right hand side come from the tree-level Yukawa couplings of the scalar to firstgeneration quarks, while the remaining terms come from matching the one-loop scalar-gluon operator. Using the coupling Eq. (18) where λ is the triangle function. The branching fraction of the η meson to a singlet and a pion is calculated using Eq. (19) and the SM width, Γ SM η = 1.31 keV [26] . For a scalar with m ϕ = 200 MeV we find Br(η → ϕπ) = 2 × 10 −5 sin 2 θ, which is an order of magnitude larger than the estimate from ref. [23] , but is in rough agreement with the estimates from ref. [60] in the "I = 1" case.
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